Introduction
Naturally occurring compounds containing a quinone group are involved in various bioenergetic processes as important electron-transport agents. These compounds have also attracted considerable attention because of their biological activity and chemotherapeutic value. 1 Various quinones containing oxygenated aromatic rings have been reported to present biological activities. 2 Accordingly, in order to discover new medicinal materials, it is important to develop simple but powerful methods for the synthesis of such compounds, in particular, methoxyaryl-substituted benzoquinones.
Most of the synthetic routes to substituted quinones are based on the elaboration of the preexisting aromatic or heteroaromatic core. The methods for the preparation of aryl-1,4-benzoquinones were limited mainly to the reactions of 1,4-benzoquinones with aryldiazonium salts. 3 The direct synthesis of aryl-1,4-benzoquinones by oxidative coupling of 1,4-benzoquinone with arenes, such as benzene, 2,5-dimethylbenzene and 2,5-dichlorobenzene, in acetic acid under reflux with stoichiometric amounts of palladium acetate was described by Itahara. 4 Recently, we have extended this non-catalytic methodology to the preparation of various methoxyaryl-1,4-benzoquinone, using wood tar constituents as a starting material. 5 Palladium assisted oxidative reactions may be converted into catalytic processes by the introduction of suitable reoxidants to recycle reduced palladium species. Itahara 6 reported the palladium catalyzed oxidative coupling of 1,4-naphtoquinone with benzene and 2,5-dimethylbenzene using stoichiometric amounts of reoxidants such as peroxodisulfates, FeCl 3 , KMnO 4 , K 2 Cr 2 O 7 and Cu(OAc) 2 . However, he failed to realize, under similar conditions, the oxidative coupling of 1,4-benzoquinone with arenes other than benzene. 6 We tried to apply the methods described by Itahara to prepare methoxyaryl-1,4-benzoquinones. However, we obtained a complex mixture of unidentified compounds and starting material, with not even trace amounts of quinone-benzene coupling products (2-methoxy-1,4-benzoquinone: 1 mmol, Pd(OAc) 2 : 0.05 mmol, reoxidant Na 2 S 2 O 8 or FeCl 3 : 1 mmol, benzene: 25 mL, acetic acid: 25 mL, reflux temperature, 25 h, in air).
Efforts are being made to develop a catalytic method for the synthesis of methoxyaryl-substituted 1,4-benzoquinones via oxidative coupling of 2-methoxy-1,4-benzoquinone and methoxyarenes using dioxygen as a final oxidant. We now wish to report the oxidative coupling of 2-methoxy-1,4-benzoquinone and methoxyarenes by dioxygen in the presence of palladium/heteropoly acid catalytic system (Scheme 1 Oxidative coupling of 2-methoxy-1,4-benzoquinone and arenes in acetic acid gives methoxyaryl-substituted 1,4-benzoquinones. The reaction is effectively catalyzed by a Pd(OAc) 2 / heteropoly acid (H 9 PMo 6 V 6 O 40 ) redox system with dioxygen as the final oxidant.
H 3+n [PMo 12-n V n O 40 ] (HPA-n) are strong oxidants soluble in water and oxygenated organic solvents, which act reversibly under mild conditions, i.e., their reduced forms are easily recycled by dioxygen. These remarkable compounds are valuable reoxidants for the Pd(0)/Pd(II) redox couple in aerobic liquid-phase oxidation processes, such as olefin oxidations and oxidative coupling of arenes.
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Experimental
The uncorrected melting points were determined on a Mettler FP800 apparatus. Column chromatography was performed with flash-grade silica gel E. Merck 230-400 mesh. IR spectra were obtained on a PerkinShimadzu IR-408 instrument. 
Reagents and materials
The heteropoly acid H 9 [PMo 6 V 6 O 40 ] (HPA-6) was synthesized by the reaction of Na 2 MoO 4 , NaVO 3 and H 3 PO 4 in aqueous sulfuric acid solution according to the literature. 11 1-Acetoxy-2-methoxybenzene was prepared by the reaction of 2-methoxyphenol with acetyl anhydride and pyridine. 12 2-Methoxy-1,4-benzoquinone was prepared by the oxidation of freshly distilled 2-methoxyphenol according to the method of Teuber. 13 
General procedure
The reactions were carried out in a stirred glass reactor connected to a gas burette and followed by measuring a dioxygen uptake. In a typical run the mixture of 2-methoxy-1,4-benzoquinone (1 mmol), arene (1.2 mmol), Pd(OAc) 2 (0.05 mmol), HPA-6 (0.25 mmol) and acetic acid (15 mL) in a dioxygen atmosphere (1MPa) was magnetically stirred at the indicated temperature until the dioxygen uptake decreased significantly. After cooling to room temperature, the reaction solution was filtered and poured into a saturated aqueous solution of NaCl. The products were extracted with chloroform (3x50 mL), dried over anhydrous Na 2 SO 4 , and the solvent was evaporated in vacuum. The residue (crude product) was analyzed by 1 H NMR spectroscopy. The substrate conversion, product distribution and yield were determined based on the integration of the signals from the corresponding olefinic protons (i.e. from the unconverted quinone and from the products). The products were isolated by flash chromatography (silica, hexane/ chloroform) as pure compounds 3a and 3b and the isomeric mixture of 3c and 3d (3c/3d @ 60/40) and identified by IR, 1 H and 13 C NMR spectroscopy. Acetoxy-4'-methoxyphenyl)-6-methoxy-1,4-benzoquinone (3c) and 2-(3'-acetoxy-4'-methoxyphenyl 
2-(3'-
Results and Discussion
All arenes studied rapidly reacted with 2-methoxy-1,4-benzoquinone and dioxygen under the conditions used resulting in the formation of corresponding methoxyarylsubstituted 1,4-benzoquinones (Table 1 ). Within 4 hours ca. 80% quinone conversions are achieved with 70-75% selectivity for the specific coupling product. Dioxygen uptake corresponds to the amounts of quinone reacted and in all the runs presented in Table 1 , their molar ratio is close to stoichiometric one (O 2 /quinone=1/2). After this, the gas uptake decreases markedly indicating that the rate of arenearene homocoupling, if any, is rather low. No products of the oxidative arene-arene coupling have been detected in significant amounts. The main advantage of the developed method compared to the previously reported one 5 is the use of palladium acetate in catalytic amounts. The reoxidant, i.e., heteropoly acid, is also used in catalytic amounts and only dioxygen is consumed as the final oxidant. In addition, lower temperatures (80 °C vs. reflux temperature) and shorter reaction times (4 h vs. 18-36 h) can be used, along with the possibility to monitor the substrate conversion during the reaction by measuring the dioxygen uptake. The substituents of the arene strongly influence the regioseletivity of quinone-arene oxidative coupling. In all cases coupling occurs at the C-5 or C-6 positions of quinone (meta or para position with respect to the methoxy group), possibly due to the steric hindrance of the quinone methoxy group. Benzene and 1,4-dimethoxybenzene give mainly 5-arene-substituted quinone (75 and 67%, respectively; Table 1 , runs 1 and 2), while 1-acetoxy-2-methoxybenzene results in 6-arene-substituted quinone (70%, run 3). Oxidative coupling of 2-methoxy-1,4-benzoquinone with asymmetrically substituted arene, i.e, 1-acetoxy-2-methoxybenzene, occurs at the para position with respect to the arene methoxy group (products 3c and 3d) .
The results presented in Table 1 have been obtained at the temperature of 80 °C, which has been found to be optimum. The temperature effect on the quinone conversion and product yield at the oxidative coupling of 2-methoxy-1,4-benzoquinone and benzene is illustrated by the data summarized in Table 2 . The selectivity for the formation of coupling product 3a and quinone conversion decreases markedly with lowering the reaction temperature. Conversions of 41 and 29% are observed for 4 h at 65 and 45 °C, respectively ( Table 2 , runs 3 and 4), while 80% at 80 °C (Table 2 , run 2). In addition to the expected reaction deceleration, both the selectivity for 3a, and, consequently, the yield based on quinone drop dramatically (yield of 60% at 80 °C vs. 7% at 45 °C). Interestingly, at reflux temperature (ca.120 °C), quinone is consumed at a much lower rate and a dark oil is obtained as a crude product, with only trace amounts of product 3a being detected after 4 h of reaction. Thus, the degradation of the catalytic system seems to take place at high temperatures.
As mentioned above, in the oxidative coupling of 2-methoxy-1,4-benzoquinone with arenes at 80 o C, dioxygen is consumed in stoichiometric amounts based on the reacted quinone. Therefore, under these conditions, the effective Table 2 . The effect of temperature on the palladium/HPA-6 catalyzed oxidative coupling of 2-methoxy-1,4-benzoquinone (2a) with benzene resulting in 5-phenyl-2-methoxy-1,4-benzoquinone (3a)
